Oscillating Water Columns (OWCs) are some of the most-studied wave energy converters (WECs). Previous work showed that the geometric characteristics of the OWC can play a significant role in the efficiency of the device. In this study, we investigate the behaviour of different designs of OWC making geometric modifications to the classic design of OWC and the U-OWC, initially suggested by Boccotti [1] . The multi-chamber OWCs examined here are fixed on the seabed and have a slit opening at the seaward side. The physical modelling was undertaken in the COAST laboratory of the University of Plymouth. The devices were tested in regular and irregular wave conditions, with and without power take-off (PTO) mechanism, essentially also testing absorbing seawalls.
Subsequently, the water oscillation drives the motion of air and energy can be 48 converted to useful power through a PTO mechanism, usually in the form of 49 a bi-directional air turbine placed in the duct, e.g. Wells turbine. An alter-50 native to the conventional OWC is the U-OWC device [1] , which incorporates 51 an additional seaward wall. The U-shape structure appears to be more efficient 52 that the classic OWC shape for realistic sea states, where wind waves and swells 53 coexist, without the need of latching control. As a consequence, the U-OWC is 54 able to resonate in greater frequency bandwidth than the original OWC.
55
OWC devices have been examined extensively with physical, theoretical, 56 and numerical models. Some milestone experimental studies of OWCs can be 57 found in the literature [15] [16] that are commonly used for comparisons and 58 validation of numerical models in more recent studies [17] [18] [19] . Other 59 benchmark studies were undertaken by Evans & Porter [20] , who developed a theoretical model based on potential theory, to explore the interaction of an
61
OWC with incident waves and to determine its hydrodynamic efficiency. An 62 analytical description of a U-OWC under the assumption of linear wave theory 63 was suggested by Boccotti et al. [21] and was further developed to include 64 a more accurate description of the wave field and the dynamics of the device 65 [22] . Advanced experimental studies of OWCs employed the particle image 66 velocimetry (PIV) technique for acquiring better insight into the hydrodynamics 67 of the OWC [23] [24] and the air motion in the chamber [25] . Commonly, recent 68 work focuses upon the need for validation of numerical models, such as spectral 69 models [26] or computational fluid dynamic (CFD) solvers [27] [28] [29] , and the 70 acquisition of appropriate experimental datasets for that scope.
71
Recognizing the important steps taken by Boccotti [30] in achieving im- In the present study, the devices were tested with and without PTO, since 84 OWCs can potentially operate as absorbing seawalls offering additional advan-85 tages to the classic coastal protection structures [32] . The possible merits of 86 using OWC embedded in breakwaters include reduced wave run-up and use of 87 less material for the construction of caissons. However, the high level of noise 88 produced by the turbine is usually a serious consideration for using OWCs near 89 inhabited areas and touristic marinas [6] . Also, the cost of the mechanical and 90 electrical equipment, regarding the turbine system, cannot be considered in-significant, affecting the attractiveness of the devices to new investors. In the 92 current stage of development of MRE, even prototypes without PTO might be 93 helpful in gaining engineering experience to avoid future failures.
94
In the remainder of the paper, the description of the devices and the exper- 
Four variants of OWC

101
As mentioned in the introduction, the tests reported here focus on four 102 variants of three-chamber OWC models with and without a PTO, which are 103 hereafter referred as "lid-on" and "lid-off" models, respectively. The PTO is 104 simulated by a lid with a circular orifice. The schematic of the four variants 105 shown in Figure 1 illustrates the common characteristics of the devices, which climates. In any case, sediment transport and debris accumulation tend to 129 create inclined features on the bed in front of such structures over long periods 130 of time [36] . of the present scale by Koola et al. [38] . Model 4 has a shorter draught of the 147 seaward wall, but the same slit opening as Model 3. Note that, the bottom of 148 the chambers is raised inside the OWC, so that it is at half of the water depth, 
Power Take-Off
181
The conversion of the pneumatic energy of the air in the OWC chambers
182
to electricity is performed by a PTO mechanism, which in the case of OWCs, is usually a bi-directional Wells turbine [41] . Due to scaling differences and modelling difficulties in the laboratory, a scaled turbine is not usually practical.
185
However, its damping effect has to be reproduced, since it alters the hydrody- 
196
The same devices were tested without a PTO by completely removing the The wave generation was performed by a piston wave paddle, which was 
where f is the discrete frequency of each wave component, γ (= 3.3) the
279
JONSWAP spectral peak enhancement parameter and r = exp[−
The energy spectrum was generated by the wave paddle with linear super- 
286
The values for irregular waves in Table 2 
where Ξ represents the amplitude of the response of the water surface in The second characteristic location refers to WG 4 upstream of the front 333 wall of the OWCs, which can be used to examine the run-up on the front wall. wave test. A second order polynomial fitting is plotted for ease of comparisons.
338
In general, Figure 6 shows that the run-up is higher for the lid-on cases when 339 examining a specific device. Additionally, Model 2 has significantly higher run-340 up compared with the other models, which is presumed here to be an effect 
Hydrodynamic efficiency
355
The most important parameter when examining the performance of an OWC 356 is the hydrodynamic efficiency, which is defined as the ratio of the power ab- 
where w the transverse width of the wave tank, which corresponds here 365 to thwidth of the chambers (l 1 in Table 1 ), ρ the density of the water, g :
where p(t) the instantaneous air pressure inside the chamber and v(t) the given by its internal dimensions, namely b 2 × l 1 (see Table 1 ). 
412
In particular, the behaviour of the three chambers is similar for Wave 1 and the shape and the energy of the incident spectrum can be accurately predicted.
445
Increasing the distance between the WGs mainly affected the phasing of the 446 wave components, resulting in discrepancies in the observed surface elevation.
447
The estimation of the spectral properties was achieved though segmentation sured spectra were lower than the theoretical and energy was spread to higher 467 frequencies. Despite these differences, the spectral shape was maintained to 468 an acceptable degree and the measured incident spectra had on average 20%
469
higher energy than that of the corresponding input spectra. In the analysis of 470 the behaviour of the OWCs that follows, the processed incident spectra were 471 employed for better reliability. Table 2 ). 
Hydrodynamic efficiency
484
Similar to the regular waves, the calculation of the hydrodynamic efficiency 
The absorbed power by the OWC (P 
Following this procedure, a value of the C irr w was calculated for every irreg- Table 3 in [52]). 
509
Similarly to the regular waves in Figure 7 , the U-OWCs (Models 1 and 2) seem 
Conclusions
522
In this study, four multi-chamber designs of OWCs were examined with a 
